A numerical model of variable-density groundwater flow and miscible salt transport is applied to investigate the extent of seawater intrusion in coastal aquifer of Ras El-Hekma, northwestern coast, Egypt. The SEAWAT 2000 code is used to solve the density-dependent groundwater flow and solute transport governing equations. Seventeen groundwater samples were collected in 2015 for routine chemical analysis and water level monitoring were carried out and interpreted. The model was calibrated using data measured for heads (m) and TDS (mg/L) in 2009 compared with data collected in 2015. Three scenarios of pumping and fourth scenarios of sea level rise by 0.5 m were applied. The results of three scenarios of pumping revealed that there was a general trend of drawdown in water table (~5 m) of observed wells located at about 1 to 1.5 km from the coast at the end of 20 years of simulation. At the same time there was replenishment from rainfall and surface runoff caused a water table rise in some observed wells that were located inland. For the proposed fourth scenario of sea level rise, the seawater/freshwater interface will migrate more inland (0.5 to 2 km) than its current position. The result of the numerical model shows a transgression of seawater inland and along the coast. The model and chemical results recommend a decrease in pumping to the drilled wells should not exceed 40 m 3 /day in order to avoid further seawater intrusion along the coast and upwelling of deep saline groundwater with continuous monitoring of the groundwater level and salinity measurements in north coast of Mediterranean Sea.
INTRODUCTION
Coastal areas are important for human settlement and development. It is estimated that more than half the world's population lives within 60 km of the shoreline, and this number could increase up to three quarters over a decade (UNCED, 1992) . Over exploitation of groundwater in coastal aquifers may result in intrusion of saltwater. Contamination of coastal aquifers may lead to serious consequences on environment, ecology and economy of that region. The saltwater intrusion in a coastal aquifer is a highly complex and nonlinear E-mail: rashahussien76@yahoo.com.
Author(s) agree that this article remain permanently open access under the terms of the Creative Commons Attribution License 4.0 International License process. Management of coastal aquifers requires careful planning of withdrawal strategies for control and remediation of saltwater intrusion (Datta et al., 2009 ). Egypt has a relatively long coast line of about 950 km along the Mediterranean Sea, with Ras El-Hekma representing one of the main headlands along the southern Mediterranean coast subjected to several problems such as scarcity of rainfall and high pumping rates that degraded groundwater quality in the main water supply wells. Northwestern coast of Egypt was subjected to several studies that focused on water resources. Youssief and Bubenzer (2013) studied groundwater at Ras El-Hekma area and clarified the relationship between depth to water, sea level and salinity of water. Morad et al. (2014) assessed the hydrologic factors controlling groundwater salinity in the coastal area between El-Dabaa and Sidi Barani, Egypt, and demonstrated that the aquifers in the area are recharged by seasonal rainfall of the order of 150 mm/year and the ability to be recharged is a measure of the vertical permeability due to lithological and structural factors that control groundwater salinity in the investigated aquifers. Soliman et al. (2013) mapping of seawater/freshwater interface at Ras El-Hekma city by 2-D resistivity imaging and transient electromagnetic soundings, concluded that the upper aquifer represented by Oolitic limestone of Pleistocene age and the lower aquifer represented by Middle Miocene age were affected by seawater, but the lower one showed larger effect than the upper one. The freshwater/saltwater interface could be delineated at a depth of 20 to 30 m below the ground surface according to the ground surface elevation. To numerically simulate seawater intrusion, a densitydependent groundwater flow simulation model is required to track the movement and change the transition zone between fresh water and salt water. The last decade has seen the appearance of several density-dependent simulation codes that are based on the commonly used groundwater model, MODFLOW, developed by the U.S. Geological Survey (McDonald and Harbaugh, 1998; . These codes include SEAWAT (Guo and Bennett, 1998a, b; Guo and Langevin, 2002; Langevin et al., 2003) .
The objective of the study is to apply numerical model to investigate seawater intrusion in Ras El-Hekma coastal aquifer based on SEAWAT 2000 which is a quasi-threedimensional variable-density numerical model, where after the model calibration by using the observation data in August 2009 (Youssief and Bubenzer, 2013 ), the calibrated model will be used to predict the extent of seawater intrusion for the next 20 years taking into consideration groundwater samples collected in 2015.
Study area description
Ras El Hekma, a prominent cape of the Egyptian northwestern Mediterranean coast, is situated about 200
Hussien 227 km to the west of Alexandria and covers about 230 km 2 ( Figure 1 ). Whereas the coast eastward and westward of Ras El Hekma is heavily overbuilt for touristic reasons, the cape is relatively sparsely built and shows a more traditional land use. The climate of the study area is characterized by southern Mediterranean conditions (Harding et al., 2009 ) with rainy mild winters and a warm, dry summer, while spring and autumn are comparably short. During spring, some storms occur and during autumn, occasional sudden heavy rainfalls are possible. Climatic data from 1945 to 1992 (Ali et al., 2007) for Matrouh station (70 km to the west) shows a mean monthly minimum temperature of 8°C in January and a maximum of 29.8°C in August. The average annual precipitation is 155 mm, but with a relatively high variation coefficient of 0.42. The annual evaporation rate is 1578 mm. However, due to the fact that rainfall normally occurs only between October and February, rainwater harvesting for agricultural and pastoral uses is possible with surface water considered as the main source for recharge of the groundwater.
Geomorphology, geology and hydrogeological settings
Geomorphological aspect illustrate that two main topographic features are predominant in the study area; the tableland in the south and the coastal plain in the north (Figure 2 ). In Ras El Hekma, the following landscape units are distinguishable from south to north (Yousif and Bubenzer, 2011) : (a) the tableland; (b) The piedmont plain and; (c) The coastal plain. Geological aspect based on geological map (CONOCO, 1986) and the Landsat images show that the following stratigraphic units can be distinguished from young to old (Yousif and Bubenzer, 2011) : (a) Holocene deposits are known along the present beach. The sand near the beach is highly polished and contains small quantities of fine clayey and/or calcareous particles, while inland the sand contains a high amount of these fine materials. (b) Pleistocene sediments are also widely distributed in the study area and are mainly represented by Oolitic limestone, which constitutes the main bulk of the Pleistocene sediments covering the greater part of the coastal zone and are almost developed in the form of elongated ridges running parallel to the present coast. (c) Tertiary deposits are exposed in the southern parts of the study area (the tableland); these deposits are represented by Pliocene sediments which have limited exposures and Miocene sediments represented by the Marmarica limestone formation. The Marmarica formation is built up of fissured and cavernous limestone, dolomitic limestone, and sandy limestone intercalated with clay and marl interbeds.
Hydrogeologically, the area of study is characterized by an aquifer system belonging to the Quaternary (Holocene and Pleistocene) and the Tertiary (Miocene) as illustrated in Figure 3 . Holocene aquifer (alluvium aquifer) forms a limited groundwater aquifer (Sewidan, 1978) and occupies the main trunk and deltas of some drainage basins. Here, precipitation forms the main sources of recharge. Pleistocene aquifer (Oolitic limestone aquifer) is composed of Oolitic limestone interbedded with sandstone and clay which is considered to be the most important aquifer dominating the whole coastal strip. The Oolitic limestone aquifer extends southward from the coastal line to about 4 km. Groundwater generally flows from south to north following the general slope. Groundwater salinity ranges from brackish to high saline water according to rainfall quantity, over pumping and sea/salt water intrusion. Tertiary aquifer (Fissured limestone aquifer) is composed of limestone with little clay intercalations. Groundwater occurs in two forms; shallow groundwater (Perched groundwater) and deep groundwater. Rain water forms the main recharging source of this aquifer. Deep groundwater is formed when rainwater is accumulated in the fractures, fissures solution plains of the limestone rock. This aquifer is a generally low potential aquifer with salinity ranging from fairly fresh to hyper saline water.
MATERIALS AND METHODS
For hydrochemical evaluation, about 17 groundwater samples were selected from shallow aquifer of the studied area. The samples were collected in 1 L narrow-mouth pre-washed polyethylene bottles. Electrical conductivity (EC), temperature and pH values were measured in the field using a portable conductivity and pH meters. In the laboratory, the water samples were filtered through 0.45 µm to separate suspended particles. Acidification (pH˂2) with concentrated nitric acid was performed on the filtered samples for heavy metals analysis using ICP (inductively coupled plasma) at the central laboratory of Desert Research Centre. The acid titration method was used to determine the concentration of bicarbonate HCO3 - (APHA, 1995) . Major anions (Cl -, SO4 2-) and major cations (Ca, Mg, Na, K) were analyzed using ion chromatography (Dionex DX-600). All reported values have an ionic balance within 5%.
In addition to a three-dimensional variable-density, transient groundwater flow model was developed to assess salt water intrusion phenomena in shallow aquifer of Ras El-Hekma area. The flow model was constructed using SEAWAT-2000 (Langevin et al., 2003 , a computer program that combines a modified version of MODFLOW-2000 with MT3DMS (Zheng and Wang, 1998) . While there are a variety of codes available that are suitable for this purpose, SEAWAT-2000 affords the flexibility of supporting several different boundary conditions and provides a choice of numerical methods for solving the transport equation. SEAWAT-2000 has accurately reproduced the solutions to several benchmark problems commonly applied in literature (Guo and Langevin, 2002) . The SEAWAT program solves the variable-density flow equation by formulating the matrix equations in terms of fluid mass and assuming that the fluid density is solely a linear function of solute concentration. The flow and transport equations were explicitly coupled using a one-time step lag and solved alternately until the maximum difference in fluid density was less than 10 -6 kg/m 3 , which provided a mass-balance error less than 0.01%. The effect of variable fluid viscosity on flow was not considered in these simulations because the temperature range in this shallow aquifer system is small (Langevin and Guo, 2006) and showed that accounting for variable viscosity in their SEAWAT simulation of fluids with sharply contrasting densities in the salt-pool problem had a negligible effect on model results. An implicit finite difference (FD) method was selected to solve the advection equation and centralin-space weighting was specified to minimize numerical dispersion.
Governing equations
Variable density groundwater flow is described by the following partial differential equation (Langevin et al., 2003) as presented in:
(1)
Where z is a coordinate direction aligned with gravity (L); ρ is fluid density (ML -3 ); Kf is the equivalent fresh water hydraulic conductivity (LT -1 ); hf is the equivalent fresh water head (L); ρf is the density of fresh water (ML -3 ); Sf is equivalent fresh water storage coefficient (L -1 ); t is time (T); n is porosity (L°); C is the concentration of the dissolved constituent that affects fluid density (ML -3 ); ρ is the fluid density of a source or a sink (ML -3 ); and q is the flow rate of the source or sink (T -1 ). To solve the variable density ground water flow equation, the solute-transport equation must also be solved because fluid density is a function of solute concentration, and concentration may change in response to the groundwater flow field. For dissolved constituents that are conservative, such as those found in sea water, the solute transport equation is:
Where D is the dispersion coefficient (L 2 T -1 ); ν is the groundwater flow velocity (LT -1 ); qs is the flux of a source or sink (T -1 ); and Cs is the concentration of the source or sink (ML -3 ).
Simulation code
To simulate variable density effects on groundwater flow, the coupled flow and transport code SEAWAT was used. Coupling flow and transport computations allow the effects of fluid density gradients associated with solute concentration gradients to be incorporated into groundwater flow simulations (that is, density dependent flow). It uses the finite difference method of numerical integration to solve 3-D confined and unconfined groundwater flow under many types of natural and artificial aquifer stresses. The original SEAWAT code was written by Guo and Bennett (1998a, b) to simulate groundwater flow and salt water intrusion in coastal environments. SEAWAT uses a modified version of MODFLOW (McDonald and Harbaugh, 1998) to solve the variable density, groundwater flow Equation 1 and MT3D (Zheng, 1990) to solve the solute-transport (Equation 2).
Spatial and temporal discretization
The model domain and finite difference grid used to simulate groundwater flow within Ras El-Hekma coastal aquifer is illustrated in Figure 4 . The model encompasses an area of about 1516.5 km 2 . The grid consists of 200 rows and 200 columns with 40000 regular cells in plain view. Each cell is 0.1521 × 0.1521 km 2 in the horizontal plane. Coastal unconfined Pleistocene aquifer was treated as a single layer with mean hydraulic conductivity that ranges between 20 to 60 m/day (Eissa et al., 2017) . Longitudinal and lateral dispersivities were set equal to 10 and 1 m, respectively. The effective porosity was set equal to 35%. The northern boundary is saline seawater transport boundary (39.7 g/L) since the Pleistocene aquifer was in direct hydraulic contact with the Mediterranean Sea in which the water level is known (zero). At the western-southern boundary, the salinity is fixed (~5 g/L) and the groundwater level reached 6 m asl. The groundwater salinity during 2009 ranged between 1 to 8 g/L according to Yousif and Bubenzer (2013) and reached 10 g/L in this study above datum of the eastern and western sides, respectively. For the upper boundary, the water table was considered higher than the Mediterranean Sea water level. The concentration was constant and equal to the groundwater concentration. The bottom boundary was impermeable, that is, the normal flux through the bed for both fluid and salts was equal to zero. The input data required for the model include: well location and pumping rates, aquifer configuration, including top and bottom of the system, hydraulic conductivity of the system, amount of recharge and potentiometric head.
Calibration in steady state
Model calibration was achieved through trial and error by adjusting the values of recharge at the boundaries. The calibration in the steady state has been conducted versus potentiometric head data in August, 2009 and compared with data measured in 2015 to calibrate the spatially variable hydraulic conductivity and recharge, and hydraulic conductivity of the general head boundary. Calibration process produced an acceptable comparison between observed vs. calibrated heads ( Figure 5 ) and concentration in (mg/L) ( Figure 6 ).
Testing scenarios
Four proposed pumping scenarios were simulated based on the potentiality of the Oolitic limestone Pleistocene aquifer to examine the impact of seawater intrusion. The first scenario considered 40 m 3 /day as pumping rate (base case scenario) where (El-Raey, 1998) mentioned that underground water can also be found in the limestone layers below the Fuka Basin. They can produce water with an average quality at a rate of 20 m 3 /h. The second scenario considered the extra pumping rate of 80 m 3 /day. The third scenario considered an increase of number of pumping wells (2009 and 2015 with pumping rate of 40 m 3 /day). Also, El-Raey et al. (1999) stated that natural sea level rise along the northern Egyptian coast is about 0.4 and 5 mm/year; while IPCC (2007) predicted that the sea level rise will be between 0.15 and 0.9 m until the year 2100. This change is expected to exacerbate the already existing environmental problems. In particular, coastal areas all over the world are expected to suffer from the impacts of sea level rise, that is, from coastal erosion, subsidence, pollution, and land use changes, hence the fourth scenario considered a rise of sea level of 0.5 m. Table 1 summarizes the results of hydrochemical parameters for the analyzed groundwater samples of Pleistocene aquifer with basic statistical parameters (N=17) from the study area. The comparison of the hydrochemical data with guidelines of standard water quality (WHO, 2011) shows that for Pleistocene aquifer, groundwater samples have pH values that vary from 8.10 to 9.20 with an average value of 8.59. In general, pH of water samples was slightly alkaline, compared with WHO (2011) standards; all samples fall within the recommended limit (6.5 to 8.5) for human consumption except 53% exceeding this limit. ). Total dissolved solids (TDS) varies from 723 to 10048 mg/L (average 5126 mg/L), classified as 18 and 47% classed as moderately saline and slightly saline groundwater samples, respectively, according to Konikow and Reilly (1999) and Rhoades et al. (1992) , and 35% as highly saline groundwater samples. The cation chemistry is dominated by sodium followed by magnesium, calcium and potassium in all of the samples, and anion chemistry are dominated by chloride followed by sulfate and bicarbonate in about 76% of the samples.
RESULTS AND DISCUSSION
The hypothetical salts combination ( 
Seawater mixing index (SWMI)
Statistical methods for chemical data were used in the coastal area to understand how geochemical processes influence groundwater quality. For quantitative estimation of the relative degree of seawater mixing with Park et al. (2005) estimated the constant factors a, b, c and d according to the relative proportions of Na + , Mg 2+ , Cl and SO 4 2in seawater, respectively; T i represents the calculated regional threshold values of selected ions, which can be estimated from the cumulative probability curves for each ion in a specific site; C i is the measured ion concentration in mg/L. It was found according to SWMI calculations that, groundwater samples collected in 2009 are classified into three groups (Figure 7a-e ). Group I (SWMI<0.5) have a moderately saline groundwater (TDS values range from 1175 to 3663 mg/L). Group II (0.64<SWMI<1) has highly saline groundwater (TDS values range from 4111 to 6728 mg/L), while Group III (SWMI>1) was affected by mixing with seawater (TDS values range from 8001 to 8254 mg/L). Groundwater samples collected in 2015 based on SWMI calculations are classified into three groups (Figure 8a-e ). Group I (SWMI<0.5) with TDS values range from 722.8 to 3068 mg/L at sites 1, 2, 3, 4, 5, 14 and 15 affected by rainfall and Group II with TDS ranges from 4993 to 7408 mg/L at sites 8, 9, 10 and 12 which may be affected by overpumping and mineral dissolution and finally, Group III with TDS values which ranges from 8761.8 to 10048 mg/L at sites 6, 7, 13 and 17 and may be affected by mixing with seawater. As ionic ratios are commonly used to evaluate the salinization sources and origin of groundwater in coastal aquifers (Barbecot et al., 2000) , Na/Cl ratio can discriminate brackish and saline water, where the values of this ratio are higher than unity in fresh and meteoric water while it is less than unity in seawater or saline water (Starinky et al., 1983) . In this study, most groundwater samples (Table 3) a Br/Cl ratio of 0.005 in Mediterranean countries (Jones et al., 1999; Vengosh et al., 1999) . In this study area, the Br/Cl ratio ranges from 0.002 to 0.134 with an average of 0.03. This value is higher than 0.005 indicating that groundwater is affected by two sources of intruded seawater and rainfall through the recharge areas.
Seawater fraction
In fact, the fraction of seawater (f sea ) in a water sample can be approximated from the concentrations of Cl-(m Cl ) in meq/l as expressed in Equation 4 (Appelo and Psotma, 2005 Similarly, the increase in total dissolved solids or electrical conductivity (EC) is a common simple indicator to identify an increase in salinity (Singhal and Gupta, 2010; Rhoades et al., 1992) .
Calculation of seawater fraction for groundwater samples in 2009 (Table 4 ) reveals that about 38% of samples have fsea range values between 5 to 10 and about 11% have fsea >10. In groundwater samples collected in 2015, about 12% have 5 < fsea>10 while, 47% of groundwater samples have fsea>10 indicating more salinization in 2015 than 2009.
Model output
The model output gives the contours for equipotential, Tables 5 and 6 for the observed and calculated heads (m) and TDS (mg/L), respectively. From all these scenarios, several observations are noticed as follows: 1) Increment in heads (m) with simultaneous decrease in TDS values in (mg/L) may be due to refreshment from the high tableland areas. 2) Decrease in heads (m) with increase in salinization of some wells may be due to overpumping that led to dissolution of some marine deposits and thus increment in TDS (mg/L) values.
3) The third observation is increment in both heads (m) and TDS (mg/L) simultaneously and this situation encountered seawater intrusion at some locations. 4) The distance between the wells and the coast and the recorded observed heads (m) greatly affected the previous observation noticed. 5) The more affected wells by intruded seawater are those that have a distance <1.5 km from the coast, and wells at a distance >1.5 km are affected by dissolution due to overpumping or refreshment from the higher table lands areas.
Scenario 1: The base case scenario of pumping 40 m 3 /day shows a fluctuation in heads (m) as in Tables 5 and 6. Where the drawdown in heads range between 0.1 to 13.36 m and 0.05 to 13.32 m, with simultaneous decrease in TDS (mg/L), with values ranging between 84.9 and 3306 mg/L and 117 to 3466 mg/L at the end of 10 and 20 years of simulation, respectively. This may be due to refreshment from the higher tableland areas.
Scenario 2:
With increasing stresses on the system by increasing the pumping rate to 80 m 3 /day, the response of the system is illustrated in Tables 5, 6 and Figure 9 . Increase in overpumping affected the wells more badly, where more drawdown occurred reaching 13.6 m in some wells with simultaneous increase in TDS values that reached 1083 mg/L and may be affected by dissolution of some marine deposits.
Scenario 3:
Taking into consideration the presence of both wells (2009 and 2015) at the same time with Tables 5 and 6 and they show more decrease in heads due to densely crowded wells and low managed system. Scenario 4: Based on the expected sea level rise of 0.5 m, the result of this scenario is illustrated in Tables 5, 6
and Figure 10 . As expected there was an increase in heads that range between 0.19 to 9.16 m and 0.23 to 9.21 m at the end of 10 and 20 years of simulation with simultaneous increase in salinity rate of some wells that reached to 2000 mg/L as in Well No. 51 which may be due to intruded seawater at this location. Seawater interface layer shifted more inland about 0.5 to 2 km and ensured that intrusion of seawater, especially at northeastern location occurred.
Conclusion
The effect of seawater intrusion on fresh groundwater in coastal areas requires more investigations, especially when the withdrawal for water supply in the coastal areas increases. An attempt has been made in the present study to demarcate the salinization influences by hydrochemistry and modeling approach. The groundwater flow is directed toward Mediterranean Sea with a steep groundwater gradient. Water chemistry data signifies high EC and TDS values along the coastal regions suggesting saline water traces. Sodium and chloride were found to be dominating along the coastal regions of Ras El-Hekma area. The SEAWAT model calibrated and validated for the present study with applying different scenarios suggests that drawdown in groundwater level of some observed wells range from 0.56 to 10.07 m especially in observed wells located at about 1 to 1.4 km with replenishment from rainfall and surface runoff causing a water table rise of about 11.5 to 14.8 m in some observed wells that were located inland. For sea level rise, the seawater/freshwater interface will migrate more inland (0.5 to 2 km) than its current position. The hydrochemistry and model results recommend a decrease in pumping to the drilled wells in order to avoid further seawater intrusion along the coast and upwelling of deep saline groundwater.
